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Abstract 

Objective: This research was designed to investigate the effects of low pressure radio-frequency (RF) oxygen 
plasma treatment (OPT) on the surface of commercially pure titanium (CP-Ti) and Ti6AI4V. Surface topography, 
elemental composition, water contact angle, cell viability, and cell morphology were surveyed to evaluate the 
biocompatibility of titanium samples with different lengths of OP treating time. 

Materials and Methods: CP-Ti and Ti6AI4V discs were both classified into 4 groups: untreated, treated with OP 
generated by using oxygen (99.98%) for 5, 10, and 30 min, respectively. After OPT on CP-Ti and Ti6AI4V samples, 
scanning probe microscopy, X-ray photoelectron spectrometry (XPS), and contact angle tests were conducted to 
determine the surface topography, elemental composition and hydrophilicity, respectively. The change of surface 
morphology was further studied using sputtered titanium on silicon wafers. 3-[4,5-dimethylthiazol-2-yl]-2,5- 
diphenyltetrazolium bromide (MTT) assay and F-actin immunofluorescence stain were performed to investigate the 
viability and spreading behavior of cultivated MG-63 cells on the samples. 

Results: The surface roughness was most prominent after 5 min OPT in both CP-Ti and Ti6AI4V, and the surface 
morphology of sputtered Ti sharpened after the 5 min treatment. From the XPS results, the intensity of Ti", Ti 2+ , and 
Ti 3+ of the samples' surface decreased indicating the oxidation of titanium after OPT. The water contact angles of 
both CP-Ti and Ti6AI4V were increased after 5 min OPT. The results of MTT assay demonstrated MG-63 cells 
proliferated best on the 5 min OP treated titanium sample. The F-actin immunofluorescence stain revealed the 
cultivated cell number of 5 min treated CP-Ti/Ti6AI4V was greater than other groups and most of the cultivated cells 
were spindle-shaped. 

Conclusions: Low pressure RF oxygen plasma modified both the composition and the morphology of titanium 
samples' surface. The CP-Ti/Ti6AI4V treated with 5 min OPT displayed the roughest surface, sharpest surface profile 
and best biocompatibility. 
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Introduction 

Osseointegration is the direct structural and functional 
connection between living bone tissue and the surface of 
dental implants. This is recognized as a direct bone-implant 
contact without any intervening connective tissue layers [1,2]. 
Besides the biocompatibility of the implant materials per se, the 
surface composition, structure, topography, oxide thickness, 



roughness and surface contaminants also influence the cells' 
behaviors [3-6]. Titanium was found to have good 
biocompatibility. Its osseointegration layer is a naturally- 
formed, thin and adherent surface oxide layer [7,8]. To further 
improve the osseointegration on titanium based implants, the 
methods to form the titanium oxide of designed thickness, 
chemical composition and topography were researched, tested 
and developed [9-14]. 
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Plasma, the fourth state of matter, consists of neutral atoms, 
electrons, ions and radicals, on average is electrical neutral 
[15,16]. Since the energetic ionized particles and radicals are 
highly reactive, different plasma technologies have been widely 
used for the surface pretreatment or cleaning of 
semiconductors and metals [17-20]. Therefore, plasma 
technology can be also used to clean titanium surfaces thereby 
improving its biocompatibility [6,21]. Besides, the gas plasma 
generated by low pressure radio-frequency (RF) devices 
performs good conformity between the electrodes, which 
overcomes the surface structure of high aspect ratio to achieve 
isotropic surface treatment. Hence, low pressure RF gas 
plasma is widely applied on the processing of fibers, microfluid 
devices, biomedical devices and etc [22-26]. We have already 
utilized low pressure RF oxygen plasma (OP) to expose silica 
nanoparticles on the surface of polyacrylate/silica 
nanocomposite. We then fabricated a superhydrophobic and 
oleophobic transparent nanocomposite by grafting fluorosilane 
onto the exposed silica nanoparticles via the sol-gel process. In 
our previous study, oxygen plasma treatment (OPT) has shown 
effective oxidation ability with long range (in centimeter scale) 
uniformity [27]. Thus, OPT is an effective surface modification 
technique, which can modify physicochemical properties, 
including hydrophilicity/hydrophobicity, and improve the surface 
properties of materials. Therefore, appropriate plasma 
processes can also improve the adhesion of biocompatible 
materials to tissue [21]. 

In this study, we sought to evaluate the surface properties 
and biocompatibility of commercially pure titanium (CP-Ti) and 
the alloy, Ti6AI4V before and after OPT for different lengths of 
time. Low pressure RF OP generated at room temperature was 
used in this study. The hypothesis was that surface properties, 
such as contact angle and surface topography, would be 
changed after surface treatment by OP for different lengths of 
time and in addition, the biocompatibility would improve. 

Materials and Methods 

Sample Preparation 

Metal disk samples, 16 mm in diameter and 2 mm in 
thickness, were cut from grade 4 CP-Ti and grade 5 Ti6AI4V 
sticks (both from SPEMET CO. Ltd., Taipei, Taiwan). The 
surface of each sample was polished by flat lapping (Young- 
Wing Co. Ltd., New Taipei City, Taiwan) to obtain a mirror-like 
surface. Each disc sample was cleaned by n-hexane (97%, 
Acros, Geel, Belgium), 95% ethanol (Acros, Geel, Belgium) 
and distilled water sequentially. After sample cleaning, the 
water on the sample surface was wiped off and the samples 
were vacuum dried (1x10 3 torr) for 4 hours. A thin film of 100 
nm Ti (sputtered Ti) was deposited on a Si wafer using a 3 inch 
titanium target (Summit-tech, Hsinchu, Taiwan) and a home- 
made sputter (Yuan-Shian Vacuum, New Taipei City, Taiwan) 
operated at room temperature at 1x10" 3 torr with the deposition 
rate fixed at 0.3 nm s 1 . To carry out oxygen plasma treatment 
(OPT), the samples were put into the quartz chamber of the 
plasma cleaner (Harrick Plasma, NY, USA) and treated with 
OP. The oxygen pressure of 5-6*10 1 torr and power of 18 
watts were adopted to generate OP in the quartz chamber. 



Three kinds of samples, CP-Ti, Ti6AI4V and sputtered Ti, were 
classified into 4 groups of samples including: untreated 
(control) and 5, 10 and 30 min OPT groups (OPT(5), OPT(10), 
and OPT(30)), respectively. 

Surface Characterization 

An atomic force microscope (MultiMode SPM, Veeco, Santa 
Barbara, USA) was operated in tapping mode to probe the 
surface roughness and morphological changes of disc samples 
before and after difference lengths of OP treatment time. The 
root mean square (RMS) roughness of five areas (1 urn x 1 
|jm) on each sample were observed and averaged. One 
sample for each substrate was adopted for measurement. 
Every five scans (512 scan lines for each scan) were 
conducted to determine roughness of the same sample before 
and after OPT for 5, 10, and 30 min, respectively. The spectra 
of X-ray photoelectron spectrometry (XPS) (ULVAC-PHI, 
Chigasaki, Japan) were obtained by using Al K a X-ray source 
with a photoelectron take-off angle of 45° at a high vacuum 
environment (1xio 7 torr) to examine core-levels. The adopted 
beam size was 100 urn. The hydrophilicity of CP-Ti and 
Ti6AI4V samples before and after plasma treatment was 
determined using a contact angle analyzer (Sindatek Model 
100SB, Sindatek, Taipei, Taiwan). Distilled water was used in 
the measurement. 

Measurement of Cytotoxicity 

MG-63 (CRL-1427, ATCC), a human osteosarcoma cell line, 
was used for this experiment [28]. The cells were cultured in 
Dulbecco's modified Eagle's medium (DMEM, Gibco BRL, 
Gaithersburg, MD) with 10% fetal bovine serum (FBS, Gibco 
BRL), 100 U/mL penicillin (Gibco BRL), and 100 mg/mL 
streptomycin (Gibco BRL) at 37 °C in the incubator in 5% C0 2 
and 100% humidity. 

The OP treated or untreated CP-Ti or Ti6AI4V metal discs 
were placed in a 24-well plate with 10 4 cells per well. The 
cellular activities of MG-63 on various samples were compared 
after 7 days by an assay based on the reduction of the 
tetrazolium salt 3-[4,5-dimethylthiazol-2-yl]-2,5- 

diphenyltetrazoliumbromide (MTT) [29-31]. Briefly, the cells 
were incubated with fresh medium containing 0.5 mg/ml MTT 
for 2 hours. The cells with functional mitochondria can reduce 
MTT to an insoluble purple formazan product. The medium was 
then aspirated and the reduced formazan was dissolved with 
DMSO. Their optical density (OD 570) was measured with a 
Dias Microwell Plate Reader (Dynatech Medical Products, Ltd, 
St. Peter Port, UK) and the absorbance was taken as 
proportional to the number of viable cells present (n=5). 

Immunofluorescence stain of the F-actin cytoskeleton 

The F-actin cytoskeleton in MG-63 was observed by using 
an immunofluorescence stain at the 7 th day of cultivated cells 
on CP-Ti and Ti6AI4V metal discs. After an appropriate period 
of experimentation, the MG-63 cells were fixed with 4% 
paraformaldehyde in PBS for 20 min, and washed with PBS 
containing 0.05% Tween-20 twice. Subsequently, the cells was 
permeabilized with 0.1% Triton X-100 in PBS for 5 min, 
washed with PBS twice and blocked with 1% BSA for 30 
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Figure 1. Surface roughness of CP-Ti, Ti6AI4V and sputtered Ti specimen after oxygen plasma treatment for different 
lengths of time, respectively. Star sign means significant difference (p < 0.05). 

doi: 10.1371/journal.pone.0084898.g001 



min. TRITC conjugated Phalloidin at a concentration of 1:1000 
was used as the primary antibody and incubated with cells for 1 
hr. Then, 4',6-diamidino-2- phenylindole (DAPI) was used to 
counterstain cellular nuclei. Finally, the stained cells were 
visualized with a fluorescence microscope. 

Statistical analysis 

Surface roughness and water contact angle were analyzed 
using ANOVA and then tested with post-hoc Tukey/Kramer test 
with p < 0.05 being considered significant. Results from MTT 
assays are expressed as a percentage of the control groups. 
Statistically significant differences for each variable were 
established using ANOVA and the post-hoc Tukey/Kramer test 
with p < 0.05 being considered significant. 

Results 

RMS roughness of various surfaces is shown as the mean 
with the standard deviation in Figure 1. The RMS roughness of 
the CP-Ti sample in the control, OPT(5), OPT(10), and 
OPT(30) groups are 1.35 (±0.10), 1.56 (±0.12), 1.22 (±0.10) 
and 1.10 (±0.15) nm, respectively. For the Ti6AI4V group, the 
roughness was 1.21 (±0.12), 1.49 (±0.15), 1.07 (±0.16) and 
0.91 (±0.27) nm in the control, OPT(5), OPT(10), and OPT(30) 
groups, respectively. The RMS roughness of sputtered Ti on 
the control, OPT(5), OPT(10), and OPT(30) groups was 6.29 
(±0.14), 6.79 (±0.15), 6.29 (±0.25) and 6.14 (±015) nm, 
respectively. All three substrate groups increased their 
roughness after 5 min OPT and then the roughness decreased 
after OPT for a longer time. Figure 2 shows the topographic 



images and section analysis of the sputtered Ti substrate. The 
domain size of the granules on sputtered Ti surface seems to 
have increased when the treatment time increased. From the 
section analysis, the surface morphology of sputtered Ti was 
sharpened in OPT(5); however, the sharpened structure was 
then smoothed down after a longer time of treatment. 

The normalized Ti XPS spectra of CP-Ti, Ti6AI4V and 
sputtered Ti treated by OP for different lengths of time are 
shown in Figure 3 (a), (b) and (c), respectively. The Ti 2p 3/2 
peak intensity is attributed to Ti meta | (454 ev), TiOH (457.5 ev), 
TiO (454.6 ev), Ti 2 0 3 (456.8 ev) and Ti0 2 (459.0 ev). As 
compared with the untreated sample, the intensity of Ti meta ,, 
TiOH, TiO and Ti 2 0 3 decreased which demonstrates that OPT 
contributes to Ti0 2 forming on the surface of titanium samples 
by oxidation [32-34]. However, the Ti 2p 3;2 spectra had almost 
no difference when treatment time was longer than 5 min for 
each material. 

The results of the water contact angle test on the CP-Ti and 
Ti6AI4V samples shown in Figure 4 display similar 
phenomenon to the change of surface composition. The water 
contact angle of untreated CP-Ti and Ti6AI4V were 71.4 
(±2.07)° and 64.94 (±1 .49)°, respectively. After OPT for 5 min, 
the water contact angle of both CP-Ti and Ti6AI4V increased. 
The water contact angles of CP-Ti in the OPT(5), OPT(10), and 
OPT(30) groups were 84.26 (±1.27), 82.54 (±2.04) and 82.18 
(±2.42)°, respectively. For Ti6AI4V, the water contact angles 
were 88.00 (±1.42), 87.24 (±1.82) and 86.54 (±1.51)° in 
OPT(5), OPT(10), and OPT(30) groups, respectively. There 
was no significant difference in the contact angle among the 
samples treated by OP for longer than 5 min. Overall, there 
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Figure 3. Normalized XPS spectra of (a) CP-Ti, (b) Ti6AI4V and (c) sputtered Ti before and after oxygen plasma treatment 
for different lengths of time. 

doi: 10.1371/journal.pone.0084898.g003 



was no difference among the samples treated by OP for longer 
than 5 min on the hydrophilicity and the Ti 2p 3/2 intensity of 
different titanium valence states determined by XPS. 

The biocompatibility for CP-Ti and Ti6AI4V metal discs is 
shown in Figure 5. Within both groups, the metal discs in the 
OPT(5) group showed the best results of cell survival rate. 
Moreover, in the CP-Ti group, the MTT outcome of titanium 
discs in OPT(5) was significantly higher than other groups. 

From the F-actin immunofluorescence staining of CP-Ti and 
Ti6AI4V, the number of osteoblasts in the OPT(5) group was 
greater than in other groups (Figure 6). The cytoskeleton of 
MG-63 in the control group of CP-Ti displayed a polygonal 
shape. More spindled-shape cells were observed in OPT(5), 
OPT(10) and OPT(30) than in the control. The cell morphology 
of the OP treated Ti6AI4V groups revealed a spindle shape. 

Discussion 

The RMS roughness of both CP-Ti and Ti6AI4V significantly 
increased (p < 0.05) after OPT for 5 min and then decreased 
as the treatment time increased. In order to understand the 
morphological change during the OPT, we used a sputtered Ti 



surface of granular microstructure treated with OP and then 
analyzed the surface using an AFM. From the section analysis 
of sputtered Ti (Figure 2), the granular microstructure of 
sputtered Ti surface sharpened in the first 5 min and then the 
sharpened microstructure smoothed down after longer OPT (10 
and 30 min). Although the morphology changes of both CP-Ti 
and Ti6AI4V due to OPT were not distinct, the trend of 
morphological variation is similar to that of sputtered Ti. 

Hydrophilicity of materials measured by contact angle test is 
dependent on both the composition and the roughness of the 
surface. Generally, if the roughness difference between two 
surfaces of the same chemical composition is higher than tens 
of nanometers, it obviously affects the result of the contact 
angle test. During the process of OPT, the variation of the 
sample's roughness was less than 1 nm, which should not 
distinctly affect the water contact angle. Therefore, the change 
of surface composition donated the water contact angle of 
titanium sample's surface in this research. From Figure 3, the 
Ti 2p 3;2 intensity of hydrophilic TiOH (457.5 ev) of 3 kinds of 
titanium samples obvious decreased after OPT for 5 min and 
thus, the surface has become hydrophobic. However, both the 
hydrophilicity and the XPS spectra of each substrate's sample 
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Figure 4. Water contact angles of CP-Ti and Ti6AI4V specimen treated by oxygen plasma. 

doi: 10.1371/journal.pone.0084898.g004 
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Figure 5. The results of MTT assay of CP-Ti and Ti6AI4V. In CP-Ti groups, star sign means significant difference; as well as 
Ti6AI4V groups, different letter meant statistic different, (p < 0.05). 

doi: 10.1371/joumal.pone.0084898.g005 



became stable after 5 min OPT. This phenomenon indicates 
that OPT for more than 5 min does not make an obvious 
difference on the chemical composition of the sample's 
surface. Although the chemical composition of sample's 
surface becomes stable with a 5 min OPT, the surface 
roughness starts to decrease with longer OPT. We suggest the 
following mechanism: Initially, in first 5 min, the bombardment 
of energetic OP particles performs effective oxidation of 
titanium to form Ti0 2 which increases the surface roughness. 
After the titanium oxide layer has been formed, the oxidation 
rate of titanium becomes stable and the effect of the OP 



bombardment is in smoothing the surface. Therefore, the 
surface roughness starts to decrease after 5 min OPT while the 
chemical composition is stable. 

Our results demonstrate that OP treatment on titanium 
surfaces could improve the biocompatibility as seen in other 
studies. The plasma immersed titanium rods that were later 
implanted had a higher biochemical pull-out force and complete 
osseointegration was found in histological examinations [12]. In 
our study, both in the CP-Ti and Ti6AI4V groups, the MG-63 
cell growth indicated superior biocompatibility in OPT(5) groups 
(Figure 5). 
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Figure 6. The F-actin immunofluorescence staining of MG-63 cell line cultured on CP-Ti and Ti6AI4V (200x). (a) is CP-Ti, 
and (b) is Ti6AI4V. The blue ovoid to round dots was the portion of cell nuclei. The cell shape of CP-Ti Control was polygonal, as 
well as spindle shape of other groups. All cells cultured on Ti6AI4V displayed spindle shape. 

doi: 10.1371/journal.pone.0084898.g006 



The surface properties, including surface roughness, free 
energy and tomography, play a key factor for cellular adhesion 
and proliferation [6,35-39], In this study, surface modification by 
OP provided better condition of cell spreading and growth, 
especially after 5 min OPT. Duske et al. pointed out that Ar- 
plasma with a small portion of oxygen is favorable to cell 
response [21]. Even the chemical composition was the same, 
the cell adhesion, spread, and proliferation of preosteoblasts 
were enhanced by changing the micro- and nano-topographies 
of the titanium surface in vitro study [38]. The expression and 
mineralization of osteoblasts were also improved in rough 
implant surface [37]. In vivo studies, the osteoblasts were 
stimulated, and higher alkaline phosphatase (ALP) activities 
were noted by the rough surface in rats. Moreover, the gene 
expression of ALP, bone sialoprotein and osteocalcin were also 
increased [39]. Our study indicates that surface roughness 
significantly affects cell adhesion and vitality. The OPT(5) 
surface showed the greatest roughness and also the highest 
cell survival rate. However, the effect of surface roughness in 
nanoscale on cell growth is still controversial. According to Cai 
et al., the surface roughness does not influence the osteoblast 
proliferation and cell viability in the range of 2 to 21 nm [40]. 
Similar results were seen in a study by Giljean et al [41]. 
Ponsonnet et al. pointed out that the roughness threshold to 
provide better surface for cell growth might be between 80 to 
100 nm [35]. The results of Sugita et al. demonstrated that 
modulating the surface chemistry and morphology with a 
super-thin Ti0 2 coating (6.3 nm in thickness) enhances cell 
adhesion, gene expression, and ALP activity [42]. 



In conclusion, oxygen plasma treatment modifies the surface 
of CP-Ti and Ti6AI4V, also improving biocompatibility. The 
surface roughness increased when the metal was treated for 5 
min with OP, but then decreased in the 10 and 30 min 
treatments. The sharp pattern was observed on the surface of 
discs treated with OP for 5 min in AFM. In the XPS analysis, 
the intensity of Ti metal (454.0 ev), TiOH (457.5 ev), TiO (454.6 
ev) and Ti 2 0 3 (456.8 ev) of the samples treated by OP 
decreased, which demonstrates that oxygen plasma treatment 
increases the intensity of Ti0 2 (459.0 ev). The water contact 
angle was also increased after oxygen plasma treatment. 
Within both groups, the discs treated for 5 min showed the best 
cell survival rate results. Moreover, in the Ti group, the MTT 
outcome of titanium discs treated for 5 minutes was 
significantly higher than in the other groups. The F-actin stain 
revealed that most of the cells displayed spindle or polygonal 
shapes. The technique of oxygen plasma was effective for 
surface modifications and resulted in favorable cell growth. 

Author Contributions 

Conceived and designed the experiments: WYT SHH LDL. 
Performed the experiments: SHH CHH YCT SCT. Analyzed the 
data: WYT SHH CHH YJT. Contributed reagents/materials/ 
analysis tools: WYT HLC MHC WFS LDL. Wrote the 
manuscript: WYT SHH. 



PLOS ONE | www.plosone.org 



6 



December 2013 | Volume 8 | Issue 12 | e84898 



Low Pressure Radio-Frequency Oxygen Plasma 



References 

1. Adell R, Lekholm U, Branemark PI, Lindhe J, Rockier B et al. (1985) 
Marginal tissue reactions at osseointegrated titanium fixtures. Swed 
Dent J Suppl 28: 175-181. PubMed: 3904060. 

2. Meffert RM, Block MS, Kent JN (1987) What is osseointegration? Int J 
Periodontics Restorative Dent 7: 9-21. PubMed: 2824395. 

3. Anselme K, Bigerelle M (2005) Topography effects of pure titanium 
substrates on human osteoblast long-term adhesion. Acta Biomater 1: 
211-222. doi:10.1016/j.actbio.2004. 11.009. PubMed: 16701798. 

4. Boyan BD, Lossddrfer S, Wang L, Zhao G, Lohmann CH et al. (2003) 
Osteoblasts generate an osteogenic microenvironment when grown on 
surfaces with rough microtopographies. Eur Cell Mater 24: 22-27. 
PubMed: 14577052. 

5. Gotfredsen K, Berglundh T, Lindhe J (2000) Anchorage of titanium 
implants with different surface characteristics: an experimental study in 
rabbits. Clin Implant Dent Relat Res 2: 120-128. doi:10.1111/j. 
1708-8208.2000.tb00002.x. PubMed: 11359256. 

6. Youngblood T, Ong JL (2003) Effect of plasma-glow discharge as a 
sterilization of titanium surfaces. Implant Dent 12: 54-60. doi: 
10.1097/01. ID.0000034203.68536.2F. PubMed: 12704957. 

7. Casaletto MP, Ingo GM, Kaciulis S, Mattogno G, Pandolfi L et al. 
(2001) Surface studies of in vitro biocompatibility of titanium oxide 
coatings. Appl Surf Sci 172: 167-177. doi:10.1016/ 
S01 69-4332(00)00844-8. 

8. Ratner BD (1993) New ideas in biomaterials science - a path to 
engineered biomaterials. J Biomed Mater Res 27: 837-850. doi: 
10.1002/jbm.820270702. PubMed: 8360211. 

9. Chu PK, Chen JY, Wang LP, Huang N (2002) Plasma-surface 
modification of biomaterials. Mater Sci Eng R Rep 36: 143-206. doi: 
10.1016/S0927-796X(02)00004-9. 

10. Uzumaki ET, Santos AR, Lambert CS (2006) Titanium oxide (Ti0 2 ) 
coatings produced on titanium by oxygen-plasma immersion and cell 
behaviour on Ti0 2 . In: T NakamuraK YamashitaM Neo. Bioceramics 
18, Pts 1 and 2. pp. 367-370. 

11. Yang CH, Wang YT, Tsai WF, Ai CF, Lin MC et al. (2011) Effect of 
oxygen plasma immersion ion implantation treatment on corrosion 
resistance and cell adhesion of titanium surface. Clin Oral Implants Res 
22: 1426-1432. doi:10.1 1 1 1/j.1600-0501 .2010.02132.x. PubMed: 
21457349. 

12. Mandl S, Sader R, Thorwarth G, Krause D, Zeilhofer HF et al. (2002) 
Investigation on plasma immersion ion implantation treated medical 
implants. Biomol Eng 19: 129-132. doi:1 0.1 016/ 
S1 389-0344(02)00025-4. PubMed: 12202173. 

13. Coelho PG, Granjeiro JM, Romanos GE, Suzuki M, Silva NR et al. 
(2009) Basic research methods and current trends of dental implant 
surfaces. J Biomed Mater Res B Appl Biomater 88: 579-595. PubMed: 
18973274. 

14. Harmankaya N, Karlsson J, Palmquist A, Halvarsson M, Igawa K et al. 
(2013) Raloxifene and alendronate containing thin mesoporous titanium 
oxide films improve implant fixation to bone. Acta Biomater 9: 
7064-7073. doi:10.1016/j.actbio.2013.02.040. PubMed: 23467043. 

15. Fridman A, Kennedy LA (2004) Plasma Physics and Engineering. New 
York: Taylor & Franics. 

16. Langmuir I (1928) Oscillations in ionized gases. Proc Natl Acad Sci U S 
A 14: 627-637. doi:10.1073/pnas.14.8.627. PubMed: 16587379. 

17. Vesel A, Mozetic M, Drenik A, Milosevic S, Krstulovic N et al. (2006) 
Cleaning of porous aluminium titanate by oxygen plasma. Plasma 
Chem Plasma Process 26: 577-584. doi:10.1007/s1 1090-006-9025-3. 

18. Nakamura T, Buttapeng C, Furuya S, Harada N (2009) Surface 
cleaning of metal wire by atmospheric pressure plasma. Appl Surf Sci 
256: 1096-1100. doi:10.1016/j.apsusc.2009.05.121. 

19. Rupf S, Idlibi AN, Al Marrawi F, Hannig M, Schubert A et al. (2011) 
Removing biofilms from microstructured titanium ex vivo: a novel 
approach using atmospheric plasma technology. PLOS ONE 6: 
e25893. doi:10.1371/journal.pone.0025893. PubMed: 22016784. 

20. Brandt ES, Grace JM (2012) Initiation of atomic layer deposition of 
metal oxides on polymer substrates by water plasma pretreatment. J 
Vac Sci Technol A 30: 01A137. 

21. Duske K, Koban I, Kindel E, Schroder K, Nebe B et al. (2012) 
Atmospheric plasma enhances wettability and cell spreading on dental 
implant metals. J Clin Periodontol 39: 400-407. doi:1 0.1 1 1 
1600-051X.2012.01853.X. PubMed: 22324415. 

22. Mejia Ml, Marin JM, Restrepo G, Pulgarin C, Mielczarski E et al. (2009) 
Self-cleaning modified Ti0 2 -cotton pretreated by UVC-light (185 nm) 
and RF-plasma in vacuum and also under atmospheric pressure. Appl 
Catal B 91: 481-488. doi:10.1016/j.apcatb.2009.06.017. 

23. Martin IT, Dressen B, Boggs M, Liu Y, Henry CS et al. (2007) Plasma 
modification of PDMS microfluidic devices for control of electroosmotic 



flow. Plasma Processes Polym 4: 414-424. doi:10.1002/ppap. 
200600197. 

24. Gentsch R, Pippig F, Schmidt S, Cernoch P, Polleux J et al. (2011) 
Single-step electrospinning to bioactive polymer nanofibers. 
Macromolecules 44: 453-461. doi:10.1021/ma102847a. 

25. Cho YH, Park J, Park H, Cheng X, Kim BJ et al. (2010) Fabrication of 
high-aspect-ratio polymer nanochannels using a novel Si nanoimprint 
mold and solvent-assisted sealing. Microfluid Nanofluid 9: 163-170. doi: 
1 0. 1 007/sl 0404-009-0509-3. 

26. Slaney AM, Wright VA, Meloncelli PJ, Harris KD, West LJ et al. (2011) 
Biocompatible carbohydrate-functionalized stainless steel surfaces: a 
new method for passivating biomedical implants. ACS Appl Mater 
Interfaces 3: 1601-1612. doi:10.1021/am200158y. PubMed: 21438637. 

27. Hsu SH, Chang YL, Tu YC, Tsai CM, Su WF (2013) Omniphobic low 
moisture permeation transparent polyacrylate/silica nanocomposite. 
ACS Appl Mater Interfaces 5: 2991-2998. doi:10.1021/am302446t. 
PubMed: 23496768. 

28. Billiau A, Edy VG, Heremans H, Van Damme J, Desmyter J et al. 
(1977) Human interferon - mass-production in a newly established cell 
line, MG-63. Antimicrob Agents Chemother 12: 11-15. doi:1 0.1 128/ 
AAC.12.1.11. PubMed: 883813. 

29. Kawasaki A, Hayashi Y, Yanagiguchi K, Yamada S, Syudo M et al. 
(2012) Effects of eluted components from 4-META/MMA-TBB adhesive 
resin sealer on osteoblastic cell proliferation. J Dental Sci 7: 94-98. doi: 
10.1016/j.jds.2012.03.002. 

30. Rotenberg S, Lewis JB, Lockwood PE, Tseng WY, Messer RL et al. 
(2006) Extracellular environment as one mediator of blue light-induced 
mitochondrial suppression. Dent Mater 22: 759-764. doi:1 0. 1 01 6/ 
j.dental.2005.1 1.003. PubMed: 16364420. 

31. Wataha JC, Lockwood PE, Bouillaguet S, Noda M (2003) In vitro 
biological response to core and flowable dental restorative materials. 
Dent Mater 19: 25-31. doi:10.1016/S0109-5641(02)00012-X. PubMed: 
12498893. 

32. Marino CEB, Nascente PAP, Biaggio SR, Rocha RC, Bocchi N (2004) 
XPS characterization of anodic titanium oxide films grown in phosphate 
buffer solutions. Thin Solid Films 468: 109-112. doi:10.1 016/j.tsf. 
2004.05.006. 

33. Pouilleau J, Devilliers D, Garrido F, DurandVidal S (1997) Structure 
and composition of passive titanium oxide films. Mat Sci Eng B Solid 
State Mater Adv Technol 47: 235-243. doi:10.1016/ 
S0921-5107(97)00043-3. 

34. Sul YT, Johansson CB, Petronis S, Krozer A, Jeong Y et al. (2002) 
Characteristics of the surface oxides on turned and electrochemically 
oxidized pure titanium implants up to dielectric breakdown: the oxide 
thickness, micropore configurations, surface roughness, crystal 
structure and chemical composition. Biomaterials 23: 491-501. doi: 
10.1016/S0142-9612(01)00131-4. PubMed: 11761170. 

35. Ponsonnet L, Reybier K, Jaffrezic N, Comte V, Lagneau C et al. (2003) 
Relationship between surface properties (roughness, wettability) of 
titanium and titanium alloys and cell behaviour. Mater Sci Eng C Mater 
Biol Appl 23: 551-560. doi:10.1016/S0928-4931(03)00033-X. 

36. Smith DC, Pilliar RM, Chernecky R (1991) Dental implant materials. I. 
Some effects of preparative procedures on surface topography. J 
Biomed Mater Res 25: 1045-1068. doi:10.1002/jbm.820250902. 
PubMed: 1663951. 

37. Schneider GB, Perinpanayagam H, Clegg M, Zaharias R, Seabold D et 
al. (2003) Implant surface roughness affects osteoblast gene 
expression. J Dent Res 82: 372-376. doi: 
10.1177/154405910308200509. PubMed: 12709504. 

38. Zuo J, Huang X, Zhong X, Zhu B, Sun Q et al. (2013) A comparative 
study of the influence of three pure titanium plates with different micro- 
and nanotopographic surfaces on preosteoblast behaviors. J Biomed 
Mater Res A 101: 3278-3284. PubMed: 23625827. 

39. Hara T, Matsuoka K, Matsuzaka K, Yoshinari M, Inoue T (2012) Effect 
of surface roughness of titanium dental implant placed under 
periosteum on gene expression of bone morphogenic markers in rat. 
Bull Tokyo Dent. Coll 52: 45-50. 

40. Cai K, Bossert J, Jandt KD (2006) Does the nanometre scale 
topography of titanium influence protein adsorption and cell 
proliferation? Colloids Surf B Biointerfaces 49: 136-144. doi:10.1016/ 
j.colsurfb.2006.02.016. PubMed: 16621470. 

41. Giljean S, Bigerelle M, Anselme K (2012) Roughness Statistical 
Influence on Cell Adhesion Using Profilometry and Multiscale Analysis. 
Scanning 00: 1-9. PubMed: 23165936. 

42. Sugita Y, Ishizaki K, Iwasa F, Ueno T, Minamikawa H et al. (2011) 
Effects of pico-to-nanometer-thin Ti0 2 coating on the biological 



PLOS ONE | www.plosone.org 



7 



December 2013 | Volume 8 | Issue 12 | e84898 



Low Pressure Radio-Frequency Oxygen Plasma 



properties of microroughened titanium. Biomaterials 32: 8374-8384. 
doi:10.1016/j.biomaterials.2011.07.077. PubMed: 21840046. 



PLOS ONE | www.plosone.org 



8 



December 2013 | Volume 8 | Issue 12 | e84898 



